ABSTRACT: We show that composite hydrogels comprising methyl cellulose (MC) and cellulose nanocrystal (CNC) colloidal rods display a reversible and enhanced rheological storage modulus and optical birefringence upon heating, i.e., inverse thermoreversibility. Dynamic rheology, quantitative polarized optical microscopy, isothermal titration calorimetry (ITC), circular dichroism (CD), and scanning and transmission electron microscopy (SEM and TEM) were used for characterization. The concentration of CNCs in aqueous media was varied up to 3.5 wt % (i.e, keeping the concentration below the critical aq concentration) while maintaining the MC aq concentration at 1.0 wt %. At 20°C, MC/CNC underwent gelation upon passing the CNC concentration of 1.5 wt %. At this point, the storage modulus (G′) reached a plateau, and the birefringence underwent a stepwise increase, thus suggesting a percolative phenomenon. The storage modulus (G′) of the composite gels was an order of magnitude higher at 60°C compared to that at 20°C. ITC results suggested that, at 60°C, the CNC rods were entropically driven to interact with MC chains, which according to recent studies collapse at this temperature into ring-like, colloidal-scale persistent fibrils with hollow cross-sections. Consequently, the tendency of the MC to form more persistent aggregates promotes the interactions between the CNC chiral aggregates towards enhanced storage modulus and birefringence. At room temperature, ITC shows enthalpic binding between CNCs and MC with the latter comprising aqueous, molecularly dispersed polymer chains that lead to looser and less birefringent material. TEM, SEM, and CD indicate CNC chiral fragments within a MC/CNC composite gel. Thus, MC/CNC hybrid networks offer materials with tunable rheological properties and access to liquid crystalline properties at low CNC concentrations.
INTRODUCTION
Cellulose nanocrystals (CNCs) are rodlike, sustainable nanoparticles that can be extracted from wood and plant-based materials by strong acid hydrolysis. 1 Because of the negative surface charges caused by sulfate half-ester residues from the sulfuric acid hydrolysis (Figure 1a ), CNCs form stable aqueous colloidal suspensions that are isotropic at low concentrations. 2−4 However, because of their high aspect ratio (typically 10−50), lyotropic liquid crystalline (LC) order emerges when a critical concentration is exceeded, ≥4−5 wt % in the case of cottonbased CNCs. 3, 5, 6 The LC assembly is left-handedly twisted and driven by the stacking of the inherently right-handed CNCs and can be detected by optical birefringence via polarized optical microscopy (POM) and optical probes. 3,7−9 The chiral nematic pitch and critical concentration can be tuned, for example by adjusting the electrostatic environment of the CNC or through polymer grafting. 10−14 The cholesteric structure is retained in dried CNC films, which broadens the scope for possible CNCbased photonic, plasmonic, and composite material applications. 8,15−21 Because of their excellent mechanical properties, aspect ratio, low density, tunable surface chemistry, and biocompatibility, CNCs have been studied as fillers and reinforcing additives in a variety of compositions ranging from cement paste to composite fibers and hydrogels. 22−32 Additionally, pristine CNCs form gels at sufficiently high concentrations or when suitably modi-fied. 5, 6, 33 However, for their effect to be maximized, it is important to control their assembly over several length scales. 34, 35 Therein, both the LC assembly of CNCs and the interactions with the surrounding matrix are crucial. The packing of CNCs has been studied in detail in confined spaces by capturing CNC suspensions in microdroplets. 36−39 By tuning the solvent concentrations and evaporation, the LC morphologies within the dried spheres have been effectively controlled. 36, 38 Additionally, by infusing nanoparticles into the droplets, plasmonic, fluorescent, and magnetic properties have been achieved, which has given further insight into the interactions within the cholesteric CNC phase. 37 On the other hand, methylcellulose (MC, Figure 1b ) has attracted considerable interest due to its biocompatibility and ability to form thermosensitive gels. 40−46 It has been shown that, upon heating, the MC chains in aqueous solutions aggregate into persistent fibrils with a hollow, ring-like lateral structure of ∼14 nm diameter and length of several hundreds of nanometers. 47−52 In water at room temperature (20−22°C), MC chains exist in the form of random coils (Figure 1c,d ). 52 Recently, applications combining the properties of CNCs and MC have been pursued, encouraged by the biocompatibility of both components and that their composite gels allow tunable materials. 41,44,53−55 In particular, the aqueous dispersion of methyl cellulose displays inverse thermoreversible properties, ii.e., the free-flowing aqueous dispersion of MC (at room temperature) undergo gelation upon heating (above 40°C) in a reversible manner (sol ↔ gel transition). Inverse thermoreversibility has been observed also in other systems. 56 The MC/C hybrids form composite hydrogels that, upon heating from room temperature to 60°C, display a reversibly increased storage modulus. 32 They also form MC/CNC nanocomposite aerogels 57 and latexes with a double morphology. 58 Several hypotheses have been proposed in the literature, suggesting that MC fibers colloidally wrap the CNCs. 58, 59 However, more detailed investigations of the complex interactions and assemblies formed by MC/CNC hydrogel systems have remained unexplored.
In this work, a systematic investigation of mechanical, optical, and morphological details of MC/CNC hydrogels is carried out using multiple complementary techniques. The interplay of rheological and optical (birefringence) properties are studied at room temperature and upon reversible heating from 20°C to 60°C by keeping a fixed aq MC concentration at 1.0 wt % and varying the aq CNC concentration up to 3.5 wt %. The incorporation of CNC rods in a MC hydrogel above a certain concentration, and especially upon heating to 60°C, would modify the rheological properties and optical birefringence due to the inverse thermoreversible nature of MC. The interactions between MC and CNC are explored at room and higher temperatures via isothermal titration calorimetry (ITC). The combination of rheology, quantitative birefringence studies, electron microscopy, and ITC offers new insights into the complex behavior of the MC/CNC hydrogels.
EXPERIMENTAL SECTION
2.1. Materials. Methylcelluloses (MCs) with different molecular weights of 14,000 g/mol (product no. M7140, lot# SLBQ9046V), 41,000 g/mol (product no. M0262, lot# SLBR8963V), and 88,000 g/ mol (product no. M0512, lot# 079K0054V), hereafter abbreviated as MC14, MC41, and MC88, respectively, were purchased from SigmaAldrich. All MC polymers had a methoxy substitution between 27.5 and 31.5% (weight) and a degree of substitution of 1.5−1.9 to produce maximum water solubility as reported by the supplier. Whatman grade 1 qualitative filter papers (cat no. 1001 125), Whatman grade 541 hardened ashless filter papers (cat no. 1541-125, lot# 9722517), and Spectra/Por 1 standard regenerated cellulose dialysis tubing with molecular weight cutoff of 6−8 kDa (part no. 132665, lot# 9200679, Spectrum Laboratories, Inc.) were purchased from VWR. Sulfuric acid (95−97%, product no. 1.00731, lot# K47798131) was bought from Sigma-Aldrich and used as received. Ultrapure Milli-Q water (18 mΩ) was used in all experiments.
2.2. Cellulose Nanocrystals (CNCs). CNCs were prepared from Whatman grade 1 filter paper following the procedure of Edgar and Gray. 60 The filter paper sheets were mechanically ground with a Wiley Mini-Mill (Thomas Scientific, USA) equipped with size 30 filtering mesh to produce homogeneous powder. The resulting powder was hydrolyzed with 64% sulfuric acid. Typically, 272.3 g of sulfuric acid (95−97%) was slowly mixed into 136.2 g of MQ H 2 O to produce the desired concentration. The acid solution was allowed to cool to room temperature before proceeding. Fifteen grams of paper powder was weighed into a 500 mL round-bottomed flask followed by the addition of 64% sulfuric acid solution. The mixture was manually agitated with a glass rod until the paper powder was wetted and submerged into the acid solution. The flask was set into a 45°C water bath and equipped with a Teflon stirring arm, and the paper powder was hydrolyzed under gentle mechanical stirring (32 rpm) for 45 min at 45°C. The reaction was stopped by pouring the reaction mixture into 3 L of MQ H 2 O, i.e., by diluting it ∼10-fold, and it was then left to sedimentate for 20 h. The clear supernatant was discarded by decanting, and the remaining cellulose suspension was washed twice by centrifugation in the following sequence: first, at 6000 rpm for 20 min (Wifug X-3 centrifuge with a fixed angle rotor) and then at 2500 rpm for 45 min, both under ambient conditions. After each centrifugation, the supernatant was discarded by decanting, and the pellet was redispersed in MQ H 2 O. A glass rod was used to homogenize the larger aggregates. The CNC dispersion was further purified by dialysis against MQ H 2 O until the conductivity of the dialysate stayed below 5 μS/cm. Finally, the CNC dispersion was filtered through Whatman 541 filter paper and stored at +4°C until use. Stock solutions containing a 3.5 wt % (35 mg/mL) CNC dispersion were prepared through slow evaporation of water by placing the dispersion in a beaker on a heated magnetic stirrer plate at 250 rpm and 45°C. The solid content of the CNC dispersion was determined gravimetrically by pipetting 1 mL of the dispersion on a watch glass of known weight and placing the watch glass in an oven at 70°C for 20 h to evaporate water and then reweighing the watch glass.
2.3. MC/CNC Composite Hydrogels. MC−CNC gels were prepared following a previously reported procedure. 32 CNC stock dispersion (3.5 wt %) was first diluted to the desired concentrations ranging from 0.5 to 3.5 wt % using MQ H 2 O in volumes close to 10 mL in 40 mL glass vials. An appropriate amount of dry MC powder was then added to the CNC dispersion to obtain the desired concentration. The mixture was first manually agitated to ensure the dispersion and wetting of MC and then further stirred and dissolved by magnetic stirring (250 rpm) for 48 h under ambient conditions. The as-prepared gels were stored in a refrigerator at 4°C (at least 20 h) until use. DLS and zeta (ζ) potential measurements were performed with a Zetasizer Nano ZS90 (Malvern Instruments). Twelve mm square polystyrene cuvettes (product no. DTS0012, Malvern Instruments) were used for DLS, and folded capillary zeta cell cuvettes (product no. DTS1070, Malvern Instruments) were used for zeta potential measurements. Samples of MC88 0.25 wt %, CNC 0.5 wt %, and MC/CNC mixtures with the following compositions 0.25/0.25, 0.25/ 0.5, and 0.5/0.5 (wt %/wt %) were used for ζ-potential measurements. All samples contained 1.0 mM of NaCl. For hydrodynamic size distribution, more dilute samples of MC 0.1 wt %, CNC 0.2 wt %, and MC/CNC 0.1 wt %/0.1 wt % were used. The samples were prepared as described above for MC/CNC hydrogels. The reported distributions and values are the average of three measurements.
2.5. Conductometric Titration. The sulfate group content of CNCs was determined using a conductometric titrator 751 GPD Titrino (Methrom AG) together with Tiamo software as described in the literature. 61 Before the titration, the sulfate groups on CNCs were protonated by adding concentrated hydrochloric acid (HCl) to the CNC dispersion so that the final HCl concentration was 0.1 M. The mixture was incubated for 15 min after which the excess acid was removed by dialysis against Milli-Q water until the conductivity of the dialysate remained below 5 μS/cm. For the titration, 20 mL of the obtained CNC dispersion was added to 490 mL of degassed Milli-Q water followed by addition of 0.5 mL of 0.1 M HCl and 1.0 mL of 0.5 M NaCl. The resulting dispersion was titrated against 0.1 M NaOH under constant stirring at 300 rpm. Sodium hydroxide (NaOH) solution was added in 0.02 mL increments every 30 s. The acidic sulfate content was calculated as described in the standard procedure (SCAN-CM 65:02) as a ratio of the NaOH (in μmol) required to neutralize the sulfate groups to the amount of CNC (g) in the dispersion.
2.6. Rheological Measurements. Rheological properties of the gels were determined following the procedures reported previously. 32 TA AR2000 stress-controlled rheometer with a 20 mm steel plate−plate geometry and a Peltier heating system was used. Systematic measurements at different CNC concentrations, ranging from 0 to 3.5 wt %, at a fixed concentration of 1.0 wt % of MC88 were performed at 20 or 60°C. Additionally, samples prepared with 0.5 wt % MC88 concentration and with 1 wt % of MW14 or MC41 combined with 3 wt % of CNCs were measured as reference. Samples were thermally equilibrated for 1 min prior to measurements. Strain-dependent rheological properties were determined at an oscillation frequency of 6.283 rad/s, and frequency sweeps were done at 1% strain at both 20 and 60°C. The samples were covered with a sealing lid to curtail evaporation during the measurement. For the characterization of cyclic temperature response, the samples were heated from 20 to 60°C and cooled to 20°C with an increment of 3.0°C/min. In the temperature sweeps, the storage modulus (G′) and loss modulus (G″) were recorded at an angular frequency of 6.283 rad/s and 1.0% strain.
2.7. Polarized Optical Microscopy (POM). Polarized optical microscopy was performed with Leica DM4500 P high-end polarization microscope combined with a Canon EOS 70D DSLR camera. For studying changes in the temperature-dependent birefringence, MC88/ CNC gels were imaged during a 20−70−20°C temperature cycle with 10°C increments. The heating rate was of 3°C/min, and the samples were allowed to thermally equilibrate for 30 s before acquiring each image. A Linkam LTS 350 heating stage together with TMS 94 temperature programmer and LNP liquid nitrogen pump (Linkam Scientific Instruments, United Kingdom) were used for temperature control. Fixed, identical microscope and camera settings were used for all samples to allow the quantification and comparison of the birefringence intensities. The constant settings were first determined based on the sample with the highest concentration (MC88/CNC 1.0 wt %/3.5 wt %), which presented the maximum birefringence to avoid saturation of the images. The birefringence intensity was then determined as the image mean intensity value using ImageJ. 62, 63 The gel samples were prepared by placing the sample material inside a SecureSeal imaging spacer (Grace Bio-Laboratories inc., USA) attached on a microscope glass slide, which was then covered with a cover glass. Samples with MC14 and MC41 were imaged under similar conditions for reference purposes. For acquiring colored images, in addition to crossed polarizers, a full-wave plate was used for enhanced colors.
Transmission Electron Microscopy (TEM)
. TEM imaging of CNCs and MC88/CNC gels was performed with a JEM-2800 (JEOL) high-resolution TEM microscope operating at 200 kV. Gel samples were prepared on plasma cleaned (30 s, Gatan Solarus 950) and preheated (65°C) C-flat 200 mesh copper grids with holey carbon support film (Electron Microscopy Sciences). Dilute MC/CNC dispersions (MC88/ CNC 0.3 wt %/0.0 and 0.3 wt %/0.3 wt %) were prepared and heated to 65°C for 15 min. Three microliters of gel was then pipetted onto the TEM grid, gently blotted with filter paper edge, and allowed to dry completely at 65°C. For samples prepared at room temperature, 3 μL of gel was then pipetted onto the TEM grid, gently blotted with filter paper edge, and allowed to dry under ambient conditions for 24 h. Plasmacleaned 300 mesh copper grids with carbon-only support film (Electron Microscopy Sciences) were used for the CNC samples. Ten microliters of dilute CNC solution was pipetted onto the grid, incubated for 1 min at RT, and then blotted with filter paper.
2.9. Scanning Electron Microscopy (SEM). SEM imaging was performed with a Zeiss Sigma VP scanning electron microscope at 1− 1.5 kV acceleration voltage. For sample preparation, a droplet of ∼10 μL of MC88/CNC mixture was pipetted on an aluminum SEM stub with carbon tape. The sample was frozen by plunging it in liquid propane for 45 s and then transferring it into liquid nitrogen for at least 5 min and then freeze-dried in a vacuum overnight to obtain aerogels. Alternatively, 200 μL of sample material was directly pipetted into a 1.5 mL microcentrifuge tube and frozen by immersing in liquid nitrogen for 5 min and then freeze-dried in a lyophilizer (0.016 mbar, −100°C) for 20 h. The aerogel samples were attached on aluminum SEM stubs with carbon tape and coated with 5 nm of gold−palladium by using a Leica EM ACE600 high vacuum sputter coater prior to imaging.
2.10. Circular Dichroism Spectroscopy. Circular dichroism (CD) spectra were recorded from MC/CNC gels of various compositions (MC 1.0 wt %, CNC 3.5 wt %, MC/CNC 1 wt %/0.5 wt %, MC/CNC 1.0 wt %/1.5 wt %, and MC/CNC 1.0 wt %/2.5 wt %) by using a Chirascan CD spectrometer (Applied Photophysics) and quartz cuvettes with a 1.0 cm path length. The spectra were measured in the 200−500 nm range using a 0.5 nm step and 0.5 s dwell time. The background was determined from pure Milli-Q H 2 O and was automatically subtracted from the sample data. For preparation of the sample solutions, CNCs were dialyzed against MQ H 2 O until the conductivity of the dialysate was below 5 μS/cm (pH 5.24). The excess dialysis water was then used to prepare the desired MC solutions and to dilute CNC accordingly. All solutions were degassed before the measurements, which were performed at both 25 and 60°C under constant stirring (307 rpm). At 25°C, the elapsed time between the successive injections was 360 s and 600 s at 60°C. Titration heat signals were processed with MicroCal Origin data analysis software. For curve fitting, one set of sites model was applied, and the CNC was assumed to behave as a ligand. The heats of dilution of adding CNC into the dialysis water without MC, at both 25 and at 60°C, were used as reference and subtracted from the respective measurement runs (see Supporting Information, Figure S1 ).
RESULTS AND DISCUSSION
The morphology, surface charge, and aggregation behavior of freshly prepared CNCs dispersed in aqueous media were characterized with TEM, DLS, and POM. The mean length and width of the CNCs were 181 ± 69 and 7 nm, respectively, as determined from TEM image analysis (see Figure S2a for size distribution analysis), typical for cotton-based CNCs. 64 The CNC ζ-potential was −64 mV ( Figures S2b and S3) , implying
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Article excellent colloidal stability due to Coulombic interactions, and the sulfate content was determined by conductometric titration to be 234 μmol/g (see Supporting Information, Figure S4 ), which is in agreement with previous reports. 58 Polarizing optical microscope (POM) studies of the CNC dispersions showed birefringence at high concentrations, indicating liquid crystalline packing (see Figure S5 for POM images of CNCs at different concentrations), a typical property of sulfuric acid-hydrolyzed CNCs. 3, 5, 7 As qualitatively shown in Figure 2a , aq MC 1.0 wt % alone remained as a clear/transparent solution at 20°C (room temperature). Similarly, CNC 3.5 wt % dispersion also remained as a nongelling liquid. However, in the presence of MC (1.0 wt %), aq CNC 0.5 wt % showed a visible change in the appearance, manifesting resistance to flow upon vial inversion, whereas MC/ CNC 1.0 wt %/1.5 wt % showed clear gelling. Upon heating to 60°C
, aq MC 1.0 wt % showed gelation ( Figure 2a) ; CNC 3.5 wt % remained as a nongelling dispersion, and MC/CNC 1.0 wt %/1.5 wt % showed strong gelation.
3.1. Dynamic Rheology. The viscoelastic properties of the MC88/CNC hybrid hydrogel were studied by dynamic rheology. The complete rheological data is reported in the Supporting Information, and the core findings are shown in Figure 2b and c for a fixed aq concentration of MC (1.0 wt %) and aq CNC loading from 0 to 3.5 wt % (see Figures S7 for the frequency sweeps at 20 and 60°C as well as rheological control experiments in Figure S6 for pure CNC). The strain sweeps revealed a linear viscoelastic region up to ∼10% strain at 20°C ( Figure S7 ). Beyond that, a declining storage modulus G′ was observed, indicating a slight shear thinning. Ideal viscous fluids are expected to show the storage and loss moduli to scale with the angular frequency as G′ ∼ ω 2 , G″ ∼ ω 1 at small ω with G′≪ G″, whereas ideal elastic gels are characterized by G′ ∼ ω 0 , G″ ∼ ω 0 , and G′ ≫ G″. 65 Pure MC88 (1.0 wt %, Figure S7a ) shows G′ ∼ ω 1.7 , G″ ∼ ω 0.9 , and G′ ≪ G″ at low ω, i.e., viscous fluid behavior, even though not fully ideal. At 20°C, upon adding CNC, the moduli increased, and their scaling behavior began to indicate a gel-like response. At 60°C, the rheological behavior was different. Even pure MC (aq 1.0 wt %) displayed gel-like response with G′ = 10 Pa and G″ = 2 Pa. In all MC88/CNC mixtures at 60°C, G′ was clearly higher than G″, both independent of ω, characteristic for elastic gels. The samples also turned turbid upon heating ( Figure  2a ). At 60°C, the low strain limit G′ values increased from 12 Pa (for MC88/CNC 1.0 wt %/0.0 wt %) to 540 Pa (for MC88/ CNC 1.0 wt %/3.5 wt %), i.e., a significant increase. At 60°C, strain sweeps of the hybrid gels typically showed strain hardening above 30% strain ( Figure S7 ). In general, the elastic moduli were reversibly increased by an order of magnitude due to heating, as depicted in Figure 2b . By adjusting both the CNC concentration and temperature, the storage modulus was in total adjustable from 1.6 Pa (for MC88/CNC 1.0 wt %/0.0 wt % at 20°C) to 850 Pa (for MC88/CNC 1.0 wt %/3.5 wt % at 60°C), i.e., over 530-fold increase. Hysteresis was observed in consecutive heating and cooling scans, though the moduli values consistently returned to close to the original values ( Figure S8 ). Figure 2c illustrates that the storage moduli increased steeply until the CNC concentration reached ∼1.5 wt % (with MC88 concentration fixed at 1.0 wt %), beyond which a plateau and clear gelation was obtained. This suggests a mechanical percolation phenomenon to be discussed later in the context of birefringence. Altogether, the findings are consistent with the previous rheological studies, 32 and the percolation, not thoroughly recognized thus far, was found relevant to our mechanistic observations. Similar trends were observed for the hybrid gels based on lower molecular weight polymers MC14 and MC41 even though limited to lower moduli ( Figure S10 ).
3.2. Morphology. MC88/CNC hydrogels were imaged by TEM. The pure colloidal CNCs were clearly resolved in TEM ( Figure 3a) ; however, resolving the MC component was challenging. Upon heating to 60°C, MC aggregates were expected to form fibrillar structures consisting of hollow ring-like structures of 14 nm lateral sizes and lengths of several hundreds of nanometers (Figure 1d) . 47−52 Panels b and c in Figure 3 show the TEM micrographs of the MC/CNC 0.3 wt %/ 0.3 wt % sample from 20 and 60°C, respectively. Low concentration was used to better resolve the components. It shows that the CNC was roughly homogeneously distributed within the MC matrix, even though slight CNC bundling cannot be excluded. We were unable to visualize the MC88 fibrils using TEM. Importantly, no CNC alignment was observed in TEM micrographs excluding nematic CNC order.
Freeze-drying allowed another indirect way to investigate the morphologies. Figure 4 shows some of the representative SEM images of aq MC88, CNC, and MC/CNC gels freeze-dried from 20 or 70°C. When aq MC88 (1.0 wt %) was freeze-dried from 20°C using liquid nitrogen, SEM images showed mostly film-like structures with a few fibrillar structures (Figure 4a ). In contrast, rapid freezing of MC from 70°C showed a pronounced tendency for the fibrillar structures (Figure 4b ) in addition to formation of sheets. This is not unexpected taken the suggested formation of ring-like hollow persistent fibrillar MC aggregates. 52 Pure CNC also showed sheets upon freeze-drying (Figure 4c,d) with little fibrillar interconnections. On the other hand, when MC/CNC 1.0 wt %/3.5 wt % was freeze-dried from 20°C, sheet-like structures were observed that were largely composed of CNCs as a close-up shows random CNC structures (Figure 4e,f) .
The sheets were interconnected with MC fibers. The situation further changed for MC/CNC 1.0 wt %/3.5 wt % freeze-dried from 70°C, which showed well-aligned sheets compared to that at room temperature. The high-resolution SEM images clearly showed that the sheets were composed of CNCs, and few interconnecting fibrils were observed. Important for the subsequent conclusions, high-magnification images of sheets (freeze-dried both 20 and 70°C) did not suggest any CNC alignments. This indirectly points toward excluding nematic order in MC/CNC in explaining the birefringence. Instead, CNC chiral fragments within the MC gel network would be the natural source of the birefringence to be discussed next.
3.3. Birefringence. POM was used to explore the birefringence and related liquid crystallinity within the MC88/ CNC gels. Pristine CNC forms cholesteric liquid crystals in water at sufficiently high concentrations (>4−5 wt %). 5−7 In the present MC88/CNC gels involving low concentrations (<3.5 wt % of CNC, i.e., less than the critical LC concentration for pure aq CNC), liquid crystallinity would not be expected. Therefore, it was not trivial to observe birefringence in the MC/CNC gels at low CNC concentrations, see Figure 5a for MC/CNC 1.0 wt %/2.5 wt %. As a reference, aq MC88 1.0 wt % showed no clear birefringence (Figure 5b) . At 20 and 70°C, clear birefringence was observed in MC88/CNC bicomponent gels for the aq CNC concentrations in the range 1.0−3.5 wt % for the fixed aq MC concentration 1.0 wt %. A surprisingly clear stepwise increase was seen between the CNC concentrations 1.0 and 1.5 wt % at both 20 and 70°C. However, already for the added CNC concentration of 1.0 wt %, slight birefringence emerged ( Figure  S11 ), and at a CNC concentration as low as 0.5 wt %, transient shear-induced birefringence could be detected in MC/CNC hybrid gels, which is an order of magnitude lower concentration compared to what is typical for CNCs alone to exhibit birefringence. The birefringence intensity increased with increasing CNC concentration, and the intensity of MC88/ CNC 1.0 wt %/3.5 wt % gel was nearly 2 orders of magnitude higher when compared to the 1.0 wt %/0.5 wt % MC88/CNC gel, for example.
Interestingly, the birefringence critical concentration 1.0−1.5 wt % CNC would also agree with the observed percolation threshold for the storage modulus near 1.5 wt % of CNC for a fixed 1 wt % MC (Figure 2c ). Putting this in perspective, CNCinduced order within gels has been observed also in alginate− CNC mixtures, 25 and in a few cases, birefringence has been reported in cellulose nanofiber gels. 66 It would be natural to expect that the birefringence, i.e., the optical anisotropy, would be reduced upon heating. By contrast, we observed that the birefringence increased upon heating from room temperature to 70°C and reversibly decreased upon cooling back to room temperature (as qualitatively shown in Figure S12 ). More quantitatively, the extents of birefringence at different compositions and at 20 and 70°C are depicted in Figure  5d and Figure S13 . The thermoreversible birefringence was reduced for the lower CNC concentrations. Therefore, like the 
Article rheological properties, birefringence showed inverse thermoreversibility.
Regarding the source of the birefringence, TEM and SEM allow for excluding nematic CNC order. Additional insight was gained from CD spectroscopy of pure CNC, MC, and MC/CNC systems.
The pure CNC (3.5%) showed CD signal at 20°C, suggesting that, above a certain concentration (i.e., critical CNC concentration), the CNCs exist as chiral aggregates in an aqueous dispersion ( Figure S14 ). Heating the aq CNC to 60°C showed no significant change in the CD signal. Interestingly, CD signal was also observed in pure 1.0 wt % MC at 60°C ( Figure  S14 ), possibly related to the existence of ring-like fibrillar structures. [47] [48] [49] 51, 52 Remarkably, CD signal was detected from MC/CNC gels at as low as 0.5 wt % of CNC in 1.0% MC. Further, the signals of MC/CNC were amplified by increasing CNC weight fractions as well as upon increasing the temperature. A temperature-dependent peak amplification and shift suggested possible structural deformations and the thermoresponsive nature of the CNC aggregates ( Figure S14 ).
3.4. MC−CNC Interactions. In order to shed light on the inverse thermoreversible gelation and optical anisotropy, ITC was performed using MC/CNC 0.4 wt %/0.45 wt %, i.e., dilute concentrations, at 25°C and upon heating to 60°C, using MC14, MC41, and MC88. The titration curves and corresponding fits are shown in Figure 6 and Figure S15 for mixtures with different MC molecular weights. At 25°C, the enthalpy change (ΔH) for the interaction of MC41 and CNC was negative (−3390 kcal/ mol), whereas the entropic contribution (−TΔS) was almost the opposite (3369 kcal/mol), leading to a favorable net negative Gibbs free energy (ΔG = ΔH − TΔS) of −21 kcal/mol. For the other two MCs of different molecular weights, the findings were essentially similar at 25°C (Figure S15 ), and the overall Gibbs free energy remained negative (−17 kcal/mol and −12 kcal/mol for MC88 and MC14, respectively), indicating attraction. Therefore, ITC suggests that CNC and MC spontaneously interact at room temperature, driven by enthalpic interactions tentatively based on hydrogen bonding and van der Waals interactions.
The situation drastically changes at 60°C (Figure 6b and Figures S15). At this temperature, the enthalpy change was strongly positive (22630 kcal/mol for MC41), presumably highlighting the endothermic nature of the heat-induced MC gelation. The entropy factor (−TΔS) became strongly negative (−22654 kcal/mol), leading to a net negative Gibbs free energy change of −24 kcal/mol in the case of MC41/CNC. Therefore, at 60°C, entropy was the driving force, but regardless of the change of the interaction of the components, the process remained spontaneous. Unfortunately, with the MC of the highest molecular weight MC88, the increased viscosity at 60°C interfered with the measurements, making them less reliable. They gave only one reasonably coherent data set that produced a clearly deviating positive net ΔG of 67 kcal/mol. Nonetheless, the entropy-driven behavior appeared characteristic for all MC/ CNC mixtures. Therefore, the roles of enthalpy and entropy completely overturned upon increasing the temperature. Positive enthalpic contribution due to gelation opposed the interaction, whereas entropic gain suggested hydrophobic interactions between MC and CNC and entropically favorable consequent structural adjustments of the fibrous MC, such as partial or local disassembly or release of water from the fibrils' solvation layer. This potentially contributes to the lack of visible fibrillar MC structures (TEM in Figure 2b ). We also point out that all other samples, except those used in the ITC experiments, were prepared at room temperature, and the behavior at 60°C was explored after the heating. Therefore, they were expected to involve history dependence upon heating, and the thermoreversible behavior can be more complex than suggested in the ITC experiments, where the samples were directly prepared at 60°C.
3.5. Rationalization of the Results. Next, we suggest an explanation by combining our experimental observations and previous literature reports, see the schematics in Figure 7 . First, as shown in Figure 1 , MC chains at 20°C exist in random coiled conformations. The chains are expected to be highly entangled as the concentration used in our experiments (1.0 wt % MC) is much above the overlap concentrations reported for methyl cellulose and other cellulose derivatives. 67 Further, it has been shown that the persistence length (L p ) for MC solutions at room temperature is ∼12−17 nm. Upon heating, the viscous fluid turns into a gel due to the formation of shape-persistent, long fibrils with ringlike lateral order and diameter of ∼14 nm (see Figure  1d , inset) as suggested by the previous models to explain the MC gelation at elevated temperatures [47] [48] [49] 51, 52 and supported by SEM of aerogels (Figure 4b ). The temperature-dependent stiffening of pure MC gels also suggests a significant increase in L p at higher temperature. 49 In MC/CNC composite hydrogels, the solid MC was added to the aqueous CNC dispersions; therefore, three possibilities can be assumed. First, when the concentration of CNC is below a critical concentration to induce gelation at room temperature, the adsorption of MC chains and 
Article wrapping of CNCs is involved as reported in the literature (Figure 7a ). However, because of more random coiling, the softer but entangled MC in this case leads to a smaller storage modulus. At small CNC aq concentrations, the CNCs have minimal mutual steric interactions, leading to reduced reinforcement (Figure 7a ). Increasing the concentration above the percolation threshold, i.e, 1.5 wt % of CNCs led to rapid gelation at 20°C, where MC chains interact enthalpically with CNCs as suggested by the ITC experiments. In this case, the CNCs exist as small chiral aggregates that are kinetically trapped within the MC network (Figure 7b ), thus inducing some birefringence. At high temperature, MC/CNC gels showed increased storage modulus passing the percolation threshold at aq CNC 1.5 wt % with the fixed aq MC 1.0 wt % and creating a liquid crystalline order of CNC manifested as strong birefringence (Figure 7c) . Note, however, that in MC/CNCs composite gels, the behavior of MC may be more complex than in the case of pure MC due to the interplay between CNC and MC. ITC suggests that, at high temperature, CNCs are entropically attracted to MC. SEM, TEM, and CD suggest that the birefringence is not due to nematic order but rather due to the chiral aggregates of CNC. Thus, CNC chiral aggregates can be expected to become topologically entrapped within the persistent fibrillar MC, thus effectively increasing the storage modulus.
CONCLUSIONS
Mixtures of MC and CNC form thermoreversible, tunable, and modular multifunctional bicomponent hydrogels where the liquid crystalline order and rheological properties can be tuned by temperature in a reversible manner. Using a fixed MC concentration of 1 wt % and varying the CNC loading in the range 0−3.5 wt % (below the critical LC concentration of pure aq CNC), and by controlling the temperature (20−70°C), the rheological storage modulus is tunable in a range spanning almost three orders of magnitude. Upon increasing the CNC concentration past 1.0−1.5 wt %, the storage modulus of MC/ CNC hybrids acquired a plateau, and the birefringence increased stepwise, suggesting a percolative phenomenon. Upon heating to 60−70°C followed by recooling back to room temperature, the storage modulus and birefringence reversibly increased. The findings point toward reversible formation of CNC chiral aggregates, where the thermally induced space-filling aggregation within the gel network leads to stiffening. The findings suggest that detailed understanding of thermoreversible colloidal reinforcing filler and matrix interactions can allow unexpected new multiresponsive and functional biocomposites and thermosensitive biomaterials for future applications.
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